Study Objective: To examine whether differences in patterns of brain activation under baseline conditions relate to the differences in sleepdeprivation vulnerability. Design: Using blood oxygenation level dependent (BOLD) functional magnetic resonance imaging, we scanned 33 healthy young men while they performed the Sternberg working memory task following a normal night of sleep and again following 30 hours of sleep deprivation. From this initial group, based on their Sternberg working memory task performance, we found 10 subjects resilient to sleep deprivation (sleep deprivationresilient group) and then selected 10 age-and education-matched subjects vulnerable to sleep deprivation (sleep deprivation-vulnerable group). Setting: Inpatient General Clinical Research Center and outpatient functional magnetic resonance imaging center. Patients or Participants: Data from 10 young men (mean age 27.8 ± 1.7 years) in the sleep deprivation-resilient group and 10 young men (mean age 28.2 ± 1.9 years) in the sleep deprivation-vulnerable group were included in the final analyses. Interventions: None.
INTRODUCTION

SLEEP DEPRIVATION CAUSES PERFORMANCE CHANGES
AS MEASURED WITH A VARIETY OF TASKS. 1,2 FOR EXAM-PLE, A META-ANALYSIS OF 143 STUDY COEFFICIENTS and a total sample size of 1,932 subjects suggests that overall sleep deprivation strongly impairs human functioning. 1 Moreover, behavioral performance following sleep deprivation varies with different types of tasks, including assessments of cognitive, motor, and mood aspects. Additionally, many factors, such as the length of sleep deprivation, the complexity of various tasks, and the age, sex, and lifestyles of subjects influence the effects of sleep deprivation. 1 Although individual differences in response to sleep deprivation have been recognized for some time, 3, 4 only recently has scientific evidence emerged that these differences are stable and may be a consistent trait within individuals over time. 5, 6 A test at rested baseline to determine sleep-deprivation vulnerability would be helpful in effective vocational education and would help promote sleepdeprivation research into the neurobiologic mechanisms behind sleep-deprivation vulnerability. Although there have been numerous studies that have systematically evaluated individual variability in neurobehavioral deficits with repeated sleep-deprivation exposures, [3] [4] [5] [6] there are not predictors of who is most vulnerable to the effects of sleep deprivation established using functional imaging techniques.
Working memory, along with sustained attention, has been thought to be an important element of many, if not most, neurobehavioral tasks. Neurocognitive functioning is severely impaired or fails without these 2 components. 7 Working memory has been thought to be controlled by a central executive system. [8] [9] [10] Executive attention has been described as a primary aspect of working memory. 10, 11 It has been found that individuals have differences in working-memory capacity and that these differences influence individual performance on cognitive tasks relevant to working memory. [11] [12] [13] [14] Performance on working-memory tasks has been reported to predict performance on a range of other cognitive tasks. 11, 12 Consequently, it has been argued that performance on working-memory tasks may reflect a fundamental aspect of cognition. Given that working memory is involved in many simple and complex cognitive tasks, it is therefore important to better understand the effects of sleep deprivation on working memory and the underlying mechanisms.
Functional neuroimaging approaches have enabled investigators to directly investigate changes in brain activation following sleep deprivation. [15] [16] [17] [18] [19] To date, several published functional imaging studies have reported the human brain response to working memory with sleep-deprived subjects. Using positron emission tomography during a series of addition and subtraction tasks before and after 24 hours of sleep deprivation, Thomas et al 20 found a significant decrease in global cerebral metabolic rate for glucose and a significant decrease in both absolute and relative regional cerebral metabolic rate for glucose in the prefrontal cortex (PFC), posterior parietal cortex (PPC), and thalamus. Utilizing functional magnetic resonance imaging (fMRI) during arithmetic tasks, Drummond et al 18 found a marked decrease in blood oxygenation level dependent (BOLD) signal after 35 hours of sleep deprivation in regions involved in arithmetic working memory, such as the bilateral dorsolateral PFC (DLPFC), parietal cortexes, and premotor areas (PMA). Moreover, a significantly decreased performance on arithmetic tasks was also found following sleep deprivation relative to following a normal night of sleep. Habeck et al 21 explored 48 hours of sleep-deprivation effects using eventrelated fMRI during a delayed-match-to-sample task, and they found decreased activation in parietal, temporal, and occipital lobes but noted increased activation in the cerebellum, basal ganglia, thalamus, and anterior cingulate gyrus. Bell-McGinty et al 22 also studied 48 hours of sleep-deprivation effects using eventrelated fMRI during a nonverbal recognition memory task and found that differential decrease in expression correlated with worsening performance in recognition accuracy. Chee et al 23 used fMRI and investigated the neurobehavioral effects of 24 hours of sleep deprivation in young healthy subjects during 2 workingmemory tasks (1 testing maintenance and the other manipulation and maintenance) and found reduced BOLD signal response in the medial parietal region and increased BOLD signal change in the left DLPFC. Recently, employing a repeated-measures fMRI design, we have reported decreased cortical responses to verbal working memory following 30 hours of sleep deprivation in 33 healthy male subjects. 24 In that study, subjects were scanned 3 times (an initial screening day, after a normal night of sleep, and after 30 hours of sleep deprivation) while performing the Sternberg Working Memory Task (SWMT) 25, 26 within the magnetic resonance imaging scanner. Consistent with the results of previous imaging studies of verbal working memory, [27] [28] [29] after a normal night of sleep, performing the SWMT resulted in significant activation in the bilateral PFC, PPC and the left supplementary motor area (SMA) (involved as well the right SMA, left PMA, and bilateral anterior cingulate gyri). After 30 hours of sleep deprivation, the activations in these brain regions significantly decreased, especially in the bilateral posterior parietal cortices. Task performance also decreased. Although these studies have documented the group changes in brain activation following sleep deprivation, to our knowledge none of them has focused on the issues of whether differences in patterns of brain activation under rested baseline relate to the differences in sleep-deprivation vulnerability.
To test whether individuals who are vulnerable to the effects of sleep deprivation have greater sleep deprivation-induced brain changes and different baseline patterns in brain activation than do sleep deprivation-resilient individuals, 10 sleep deprivation-vulnerable subjects and 10 sleep deprivation-resilient subjects were regrouped from those 33 subjects, based on changes in performance following sleep deprivation relative to following normal sleep (see below for criteria for grouping). This kind of method that is based on individual performance to group subjects and to study individual differences in brain activation has been used in functional imaging studies. [30] [31] [32] We investigated the differences in brain-activation patterns at the rested baseline and sleep-deprivation conditions in the 2 groups. Building on functional imaging studies that have demonstrated that sleep deprivation decreased both brain activation and performance in working memory tasks, 18, 20, 24 we thus hypothesized that the sleep deprivation-vulnerable group would show greater brain activity differences following sleep deprivation compared to baseline than the sleep deprivation-resilient group. Additionally, based on previous studies linking individual differences in performance to cognitive ability during working memory tasks, [11] [12] [13] [14] 31, 32 we further hypothesized that, at the sleep-deprivation state, the sleep deprivationresilient group would exhibit significantly more activation than would the sleep deprivation-vulnerable group.
METHODS
Subjects, Sleep Deprivation, and Cognitive Testing
Forty-three men between the ages of 18 and 45 years were recruited in the following study approved by the Medical University of South Carolina Institutional Review Board after providing a written informed consent. Subjects were healthy, with no history of medical, neurologic, psychiatric, or sleep disorders, as established with interview, routine blood tests and urinalysis, and a physical examination of the skin, head, eyes, ears, nose, mouth, throat, neck, and the musculoskeletal, neurologic, respiratory, cardiovascular, and gastrointestinal systems. Subjects who abused alcohol or drugs were excluded. Subjects abstained from smoking and caffeine and alcohol intake throughout the study. Caffeine-free meals were provided. The subjects habitually maintained normal sleep schedules of 7 to 9 hours per night, between 10:00 PM and 8:00 AM. During the study, subjects followed their regular sleep schedules except for the sleep-deprivation nights. Subjects performed the SWMT in the morning of a screening day, after a normal night of sleep, and then again following 30 hours of sleep deprivation. Sleep deprivation was performed from Wednesday beginning at 3:00 AM to Thursday 9:00 AM in a separate ward where the subjects were constantly monitored and checked every 10 minutes (This study was a part of a larger project designed to investigate the potential effects of partial and total sleep deprivation on cognitive tasks and the effect of transcranial magnetic stimulation (TMS); thus, the sleepdeprivation duration included 1 night of partial sleep deprivation followed by a full day and night of sleep loss, for a total of 30 hours of sleep deprivation). While undergoing sleep deprivation, subjects were allowed to engage in nonstrenuous activities, such as watching videos, but were not to interact with persons outside the ward. During the SWMT, subjects were asked to judge whether a test letter was contained in a previous short memorized sequence of letters. The subjects were presented random sets of 1, 3, or 6 letters as an "encoding" set of letters. Following a blank screen as a "retention" period, the subjects were instructed to respond during the "recall" whether or not the test letter was within the previous set of letters. Subjects were instructed to respond as accurately as possible. Reaction times (RT) and the number of errors were recorded for each stimulus. The RT were defined as the time from start of the presentation of the test letter to the occurrence of the response. Of the 43 subjects, 33 underwent fMRI scans during the SWMT task following the normal night of sleep and 30 hours of sleep deprivation (10 subjects did not have the sleep-deprivation scans due to the scanner malfunc-tion, and therefore 33 subjects' fMRI data were included in the final data analyses. We only scanned subjects on Mondays and Thursdays, see fMRI data-acquisition section below). The demographics and brain imaging results of this full cohort have been reported elsewhere. 24 Checking changes in individual RT of SWMT after 30 hours of sleep deprivation relative to a normal night of sleep, 10 subjects were found to have shorter RT with no more errors following sleep deprivation compared to their non-sleep-deprivation baseline. That is, their individual RT actually improved following sleep deprivation without significantly increased errors (labeled the sleep deprivation-resilient group). A paired-samples t-test reveled that the changes in RTs following SD relative to pre-SD did not reach a statistically significant level (P > 0.1). As a comparison group, 10 sleep deprivation-vulnerable subjects (sleep deprivation-vulnerable group) were selected based on age and education matching the sleep deprivationresilient group. They had longer RT with more errors following sleep deprivation than at their baseline. In this sleep deprivationvulnerable group, sleep deprivation induced significant increases in RT (P < .05) and in error rates (P < .001). At the rested baseline and sleep-deprived states, all the subjects also performed the Multi-Attribute Task Battery (MATB), which is a set of tasks used in a wide range of laboratory studies of operator performance and workload. 33 The battery consists of a series of actions analogous to activities that aircraft crewmembers perform in flight, while providing a high degree of experimenter control, performance data on each subtask, and freedom to use non-pilot test subjects. 33 Four subtasks included in the battery are a tracking task, system-monitoring task, communication task, and resource-management task. Each task is located on a separate window on the computer screen. Previous sleep-deprivation work using the MATB has shown that it is sensitive to sleepdeprivation effects, especially the tracking task and RT measures embedded within the monitoring subtasks. 34 For the present analysis, we chose to use the MATB results in the monitoring subtask, which was presented as RT and may be compared to the RT output of the SWMT. A paired t test also revealed that sleep deprivation induced a significant decrement in MATB performance within the sleep deprivation-vulnerable group (P < .006) but a nonsignificant change within the sleep deprivation-resilient group (P > . 6) . No significance in the average number of sleeping hours was found in the week preceding sleep deprivation between the 2 groups (P > .1). There was no significant difference between the 2 groups in age (P > .1) and in education years (P > .1). There was no significant difference in group personality profiles between the sleep deprivation-resilient and sleep deprivation-vulnerable groups in Novelty Seeking (P = .1), Harm Avoidance (P = .3), Reward Dependence (P = .5), Persistence (P = .8), Self-Directedness (P = .8), Cooperativeness (P = .8), or Self-Transcendence (P = .9). After scanning at the rested and sleep-deprivation states, subjects completed sleepiness-related visual analogue scales (VAS) and Epworth Sleepiness Scales (ESS). 35 In the sleep deprivation-resilient group, sleep deprivation induced significant increases in the VAS (P < .0001) and the ESS (P < .0001); in the sleep deprivation-vulnerable group, sleep deprivation also induced significant increases in the VAS (P < .0001) and the ESS (P < .002). At the rested baseline, there was no significant difference between the 2 groups in the VAS (P > .3) and the ESS (P > .6); at the sleep-deprivation state, there was no significant difference between the 2 groups in the VAS (P > .7) and the ESS (P > .9). The 2 groups were selected from the behavioral measures by a psychiatrist who was blind to the results of the functional imaging data and did not perform any of the analyses within this manuscript. The demographics of subjects and related information are listed in Table 1 scans occurred at 9 AM to eliminate possible circadian-confound effects. Subjects performed the SWMT while being scanned with fMRI in the following order: (1) the screening state, (2) the rested state, and (3) the sleep-deprivation state. This scan order was consistent for all subjects, and we did not use a counterbalanced order due to our particular design. We instead employed a repeated-measures scanning design to clarify potential within-subjects confounds. To minimize the potential task-practice effects, first, before the first screening scanning sessions, all the subjects practiced the SWMT 10 times, and they all had no improved performance with practice. The potential practice effects have been investigated with a larger sample size and reported elsewhere. 24 Although no significant scan-order confound was found in the well-practiced larger sample, we still wondered whether there might be potential taskpractice effects in the 2 groups (see Clarification of possible confounds across scan sessions within subjects in the results section below). We thus compared both the performance and brain activation between the screening state and rested state within each group to further analyze these confounds and then applied it to the rested state and the sleep-deprivation state. This scanning was done as a part of a larger program designed to determine whether imageguided TMS might be able to improve performance following sleep deprivation. Thus, 24 of these subjects each had 49 minutes of TMS on Wednesday morning at 10:00 AM, with 9 subjects receiving sham TMS. The TMS targeted location was the parietal cortex. Comparisons were done between those who received active versus sham TMS, and there was no difference within a larger sample size. 24 In the current study, 6 subjects in the sleep deprivationresilient group and 6 subjects in the sleep deprivation-vulnerable group received TMS. We also analyzed the potential TMS effects as well as its interaction with sleep deprivation within each group (see Clarification of potential TMS effects and its interaction with sleep deprivation in results section below). The SWMT performed during the fMRI scan was modified to fit a block functional imaging design, with the ability to acquire behavioral data within the scanner. Briefly, each functional scan consisted of 12 blocks. Each block included a control task (32 seconds) followed by a Sternberg task (32 seconds). Each task contained 2 trials. Each trial lasted for 16 seconds. The entire functional scan lasted for 12 minutes 48 seconds. An integrated functional imaging system (IFIS; Gainesville, Fla.) was used to display the letters and asterisks, which allowed subjects to view the stimuli on an liquid crystal display in front of their eyes. Each subject was required to use a response button to respond YES or NO following a visual prompt. Subjects were given 2 hand pads and were instructed to respond with their left and right thumbs. The thumb correspondence (left or right) to YES or NO was randomized between individuals. The control trial consisted of a 3-seconds viewing of 6 asterisks in 2 rows, followed by a 7-second delay, and then a 3-second viewing of the word YES or NO presented in the center of the screen. During the control trial, each subject was asked to press appropriate buttons for YES or NO when YES or NO was presented in a randomized order with the IFIS. During the Sternberg trial, arrays of either 1, 3, or 6 letters were randomized to display on the IFIS screen. Subjects viewed the set of letters for 3 seconds (encoding). They then maintained this set in mind for 7 seconds (retention). Subsequently, a probe letter was presented on the screen for 3 seconds, and subjects responded YES or NO according to whether the probe letter had been included in the previously viewed set (recall). There was a 1.5-second rest period preceding and following each trial ( Figure 1 ).
All images were acquired with a 3T magnetic resonance imaging scanner (Intera, Philips Medical System, The Netherlands) using a send-receive single-channel head coil. A set of T 1 -weighted axial structural images encompassing the whole brain was acquired using the following parameters: TR = 625 milliseconds, TE = 20 milliseconds, slice thickness = 5 mm, gap = 1 mm, field of view = 25.6 cm, number of slices = 24, matrix = 256 × 256. With the same slice coverage as with the structural scans, a whole-brain gradient echoplanar imaging sequence was employed to acquire continuously on 24 slices in an ascending fashion in axial plane for each functional scan; the parameters used were TR = 2670 milliseconds, TE = 40 milliseconds, field of view = 25.6 cm, image matrix = 64 × 64, inplane pixel size = 4 × 4 mm, slice thickness = 5 mm, and gap = 1 mm. One hundred sixty 1-mm contiguous axial high-resolution anatomic images were also acquired for each subject (256 × 256 matrix, field of view = 25.6 cm).
Functional image analysis was conducted using Statistical Parametric Mapping software (SPM 2, Wellcome Department of Cognitive Neurology, London, UK). Echoplanar imaging scans were corrected for head motion using the "realign" function. After motion correction, all functional scans had residual motion movement less than 1 mm in any of the 3 planes and were thus included for further analysis. The functional images were then spatially normalized to the SPM template and resampled with a voxel size of 2 × 2 × 2 mm. 36 After normalization, functional images were spatially smoothed using a Gaussian kernel with 6 mm full width at half maximum to condition for random field theory, which was applied to correct for multiple comparisons in statistical parametric mapping. 37 For creating individual t-maps, the block design was convolved with a hemodynamic response function that approximated the activation patterns. Effects at each and every voxel were estimated using the general linear model at the first statistical level. A boxcar reference function modeled the activation blocks. The motion-recorded parameters generated during the realign process were applied to reject the motion-related activation as 6 user-specified regressors. A high-pass filter (cut-off frequency = 128 seconds) was used to remove possible effects of low-frequency changes. Individual t-maps were generated by defining the contrast of Sternberg task versus control task. Areas of significant activation were identified separately for each state (rested baseline, sleep deprivation) at group levels. Within each group, 10 individual contrast images generated at the first statistical level were then used to create a group t-map in a random-effects model 38 for each state, generating 4 group t-maps; cluster analyses were performed at the identical threshold of P < .001 with a spatial extent P < .05 (corrected for multiple comparison) 39 for each state's group map. Based on the results of cluster analyses, the number of activated voxels (NAV) 27, 40, 41 that passed the threshold of P < .001 were identified from individual t-maps for the comparisons of global activation. There existed large NAV differences in group maps at the different states (see Figure 2) . For example, after sleep deprivation, the only significantly activated brain region was the left DLPFC in the sleep deprivation-vulnerable group. In order to quantitatively compare the regional activity across the 2 groups and 2 states, a conjunction analysis 42 was performed to find brain activation common to verbal working memory. This was done within SPM 2 using the multipleregression model at the second level by selecting all the contrast images (20 subjects at the rested and sleep-deprivation states for a total of 40 images). The purpose of this conjunctional analysis was to obtain common masks across groups (sleep deprivation-vulnerable and -resilient) and states (rested, sleep-deprived) and based on which NAV and percent signal change (PSC) was extracted in each individual. Cluster analysis was conducted, and the conjunction map was also thresholded at P < .001 with a spatial extent P < .05 (corrected for multiple comparisons). According to the cluster analysis, the NAV that passed P < .001 were calculated from each individual t-map in each selected region of interest (ROI). A 3dmerge program from Analysis of Functional Neuroimaging (AFNI, 2.56b) 43 was used to label each cluster based on cluster size in the conjunction map mask. Another AFNI program, 3dcalc, was also used to separate each labeled cluster. ROI were focused on the wellestablished brain regions involved in verbal working memory from previous imaging studies, 44, 45 including the left DLPFC, PPC, and ventrolateral PFC (VLPFC) containing the Broca's area, SMA, and PMA. Hemodynamic responsive time-courses were individually extracted from activated voxels that passed the threshold of P < .001 in the selected ROI, first averaged across cycles within scan, and then converted to PSC for each functional scan. 46 This was done by using the AFNI programs 3dROIstats and 3dmaskdump. Employing Statistical Package for Social Science (SPSS 10.0 for Macintosh, SPSS, Inc., Chicago, Ill), NAV and PSC were used to compare the global and regional effects 46,47 using paired-sample and independent-samples t tests as 2 separate variables. Patterns of regional hemodynamic responsive time-curves were compared between the sleep deprivation-vulnerable group and sleep deprivation-resilient group. In addition, at the second level in SPM 2, between the 2 groups within each state (rested, sleep-deprived), a 2-sample t test model was used to separately generate comparison tmaps testing brain regions that were more active during the Sternberg task in the sleep deprivation-resilient group compared to the sleep deprivation-vulnerable group at the conditions of rested baseline and following sleep deprivation. In addition, across the 2 states within each group, a paired t test model was also employed to create comparison t-maps showing sleep deprivation-related changes in brain activation relative to rested baseline in each group. Cluster analyses were also conducted on these comparison maps. Considering that suprathreshold voxels might limit some useful information regarding the effects of sleep deprivation to be included, for the purpose of dynamic observation, we respectively thresholded each comparison t-map at 3 statistically significant levels of P < .05, P < .01, and P < .001 with a spatial extent P < .05 (cor- 
RESULTS fMRI Results
Identification of Significant Brain Regions within Group
In the sleep deprivation-resilient group, after a normal night of sleep, the SWMT task induced significant activation in brain regions involved in verbal working memory in the left DLPFC In contrast, in the sleep deprivation-vulnerable group, after a normal night of sleep, the SWMT task induced significant activation in brain regions involved in verbal working memory in the left DLPFC ( Table 2 lists the within-group detailed information of significant brain regions from the cluster analysis at the identical threshold of P < .001 with a spatial extent of P < .05 (corrected for multiple comparisons).
Quantitative Comparisons of Global Activation Using NAV
At the rested baseline, an independent-samples t test revealed that the sleep deprivation-resilient group had significantly more global activation than did the sleep deprivation-vulnerable group (P < .001). Following 30 hours of sleep deprivation, an independent-samples t test between the 2 groups showed that the sleep deprivation-resilient group still had significantly more activation than the sleep deprivation-vulnerable group (P < .001). A pairedsamples t test within each group between the 2 states revealed that sleep deprivation significantly decreased brain activation in both the sleep deprivation-vulnerable group (P < .007) and the sleep deprivation-resilient group (P < .001). Finally, an analysis between the 2 groups across the 2 states (independent-samples t test) revealed that the sleep deprivation-resilient group following sleep deprivation had no significant difference in activation compared with the sleep deprivation-vulnerable group following a normal night sleep (P > .1) (Figure 3 ).
Quantitative Comparisons of Regional Activations Using NAV
In the sleep deprivation-resilient group, sleep deprivation induced nonsignificant changes in regional activation of NAV in the left DLPFC, PPC, VLPFC, SMA, and PMA (P > .1, respectively), tested using paired-samples t tests. In the sleep deprivationvulnerable group, sleep deprivation significantly decreased regional activation in the left DLPFC (P < .003), PPC (P < .001), and VLPFC (P < .05). Sleep deprivation also decreased NAV in the SMA and PMA but failed to reach a statistically significant level (P > .1, respectively), tested also using paired-samples t tests. Data regarding comparisons in regional activation are listed in Table 3 .
Quantitative Comparisons of Regional Activations Using PSC
In the sleep deprivation-resilient group, sleep deprivation led to nonsignificant regional effects of PSC in the left DLPFC, PPC, VLPFC, SMA, and PMA (P > .1, respectively), tested using paired-samples t tests. In the sleep deprivation-vulnerable group, sleep deprivation significantly decreased regional activation of PSC in the left DLPFC (P < .006), PPC (P < .05), VLPFC (P < .05), SMA (P < .05), and PMA (P < .05).
Comparisons of Patterns of Regional Time-Curves
Cycle-average time-curves of the selected ROI are presented in Figure 4 . In the sleep deprivation-resilient group, the patterns and amplitudes of regional time-curves in the sleep deprivationresilient group following sleep deprivation are similar to those following the normal sleep condition. However, in the sleep deprivation-vulnerable group, the patterns and amplitude of timecurves in these ROIs are changed to some extent at the sleepdeprivation state as compared with the rested baseline state. Sleep deprivation led to a significant decrease of global activation in the number of activated voxels during the working memory task in both the sleep deprivationvulnerable group and the sleep deprivation-resilient group. There were also significant between-group differences in global activation at both the rested baseline and sleep-deprived states. Data represent the mean counts of activated voxels ± SEM. SD: sleep deprivation, *P < .007, **P < .001, NS-nonsignificant. 
Nonparametric Tests
Paired t tests and independent-samples t tests have been used in many sleep-deprivation studies to identify sleep-deprivation effects on various cognitive tasks. While these statistical approaches were employed in the current study, considering the relatively smaller samples in each group (n = 10), we also performed nonparametric tests (2 related-samples) on all the data used for paired-sample t test, and performed nonparametric tests (2 independent-samples) on all the data used for independentsamples t tests, and we found that patterns of results also occurred with the nonparametric tests.
Direct Map Comparisons Across Groups within Each State and Across States within Each Group
The 2-samples t test maps and paired-samples t-test maps are presented in Figure 5 . The results of cluster analyses are listed in Table 4 . At the rested baseline, the sleep deprivation-resilient group showed more activation in the left DLPFC and the right PPC compared to the sleep deprivation-vulnerable group (P < .01). The left PPC and VLPFC were recruited when the significance level was lowered to P < .05. However, there were no significant differences in any brain regions at the significance level of P < .001. At the sleep-deprived state, the differences occurred in almost all the left frontoparietal circuits involved in verbal working memory, including the anterior cingulate gyrus, which was the biggest cluster. The differences in brain activation between the sleep deprivation-resilient group and sleep deprivation-vulnerable at the sleep-deprivation state were greater than at the rested baseline, and the differences were limited to the left hemisphere. Even if the threshold was lowered to P < .05, there were no significant differences in the right hemisphere. Moreover, these differences were also seen at the higher significance level (P < .001), which were in contrast to the brain-activation changes following normal sleep. Within the sleep deprivation-resilient group, sleep deprivation induced a significant reduction in regional brain activation of bilateral PPC and the right PMA across the 3 thresholds. However, there was no significant change in DLPFC activation, even though the threshold was lowered to P < .05. Within the sleep deprivation-vulnerable Figure 1 for subcomponents timing of each trial). DLPFC refers to dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; PPC, posterior parietal cortex; SMA, supplementary motor area; PMA, premotor area. Note that the Sternberg tasks shifted 6 seconds from the regional average time-courses due to hemodynamic delay and that there is no significant difference in the control-task activation between the rested baseline and sleep-deprived state in each region, tested using a repeated-measures 2-way analysis of variance.
group, sleep deprivation induced significant decreases in bilateral frontoparietal circuits through the 3 significant levels, especially the bilateral DLPFC and the left PPC; the differences in these regions still existed even though the threshold was elevated to P < .001. Results from the paired t-test maps at the threshold of P < .001 were in agreement with the quantitative measures of regional activation in NAV from the conjunctional analysis.
The cluster-analysis results regarding the significant brain regions that were more activated during the SWMT in the sleep deprivation-resilient group than in the sleep deprivation-vulnerable group and more so following sleep deprivation than before sleep deprivation are reported in Table 5 ; the corresponding map is presented in Figure 6 . Interesting and important regions included the anterior cingulate gyrus, left DLPFC, and PMA.
Checking Control Trials between Groups Across the Restated Baseline and Sleep-Deprivation State
Like most other fMRI studies, our present study measured relative changes in regional BOLD signal change, which is thought to mainly reflect synaptic activity 48, 49 during the SWMT as compared to the control trials. It is important to ensure that there are no differences in the control trials between the sleep deprivationresilient group and sleep deprivation-vulnerable group. At the rested state, treating the control trials in the sleep deprivationresilient group and sleep deprivation-vulnerable group as 2 contrast trials, a conjunction analysis within SPM 2 was performed to generate a contrast t-map, and there was no significant difference in brain activation between the trials in the 2 groups. Similarly, at the sleep-deprivation state, the control trials between the 2 groups were also analyzed, and there was no significant difference. In addition, the control trials were also compared within each group across the rested baseline and sleepdeprivation states, and no significant differences were found.
Checking Possible Time-On-Task Effects within Each Scan
Given that the task was relatively long, possible time-on-task effects were separately checked at each state in each group. We divided each functional scan into 3 parts with equal lengths and checked both the performance and time-course activation at the beginning, middle, and end of the scanning, and we did not find significant differences among the 3 parts, suggesting that subjects (either the sleep deprivation-resilient or sleep deprivation-vulnerable) did not change their approach or attitude to the Sternberg task following sleep deprivation as well as following normal sleep.
Clarification of Possible Confounds Across Scan Sessions within Subjects
In the sleep deprivation-resilient group, there was no significant difference between the screening state and the rested state in either the RT (792 ± 108 milliseconds vs 795 ± 80 milliseconds, screening state vs rested state, P > .5) or number of errors (0.89 ± 0.48 vs 1.10 ± 0.42, screening state vs rested state, P > .5). The paired t-test t-map comparison between the screening and rested states indicated that there was no significant difference.
In sleep deprivation-vulnerable group, there was no significant difference between the screening state and the rested state in either the RT (836 ± 75 milliseconds vs 830 ± 53 milliseconds, Figure 5 -Three-dimensional projections of SPM glass-brains showing direct map comparisons across groups within each state and across states within each group. All maps were respectively thresholded at three significant levels P < .05, 0.01, and 0.001 with a spatial extent of P < .05 (corrected for multiple comparisons). Anatomic orientation of 3-dimensioinal projections at sagittal, coronal, and axial views is labeled in (c). R refers to right; L: Left, A: anterior; P: posterior; T: top; B: Bottom. a-c: sleep deprivation-resilient group vs sleep deprivation-vulnerable group at the rested baseline. a: P < .05, b: P < .01, and c: P < .001; d-f: sleep deprivation-resilient group vs sleep deprivation-vulnerable group at the sleep-deprived state. d: P < .05, e: P < .01, and f: P < .001; g-i:
Rested state vs sleep-deprived state within sleep deprivation-resilient group. g: P < .05, h: P < .01, and i: P < .001; j -l: Rested state vs sleep-deprived state within sleep deprivation-vulnerable group. j: P < .05, k: P < .01, and l: P < .001.
Clarification of Potential TMS Effects and Its Interaction with Sleep Deprivation
In the sleep deprivation-resilient group, treating TMS as a between-subjects factor, sleep deprivation as a within-subjects factor, and the RT as a dependent variable, a general linear model revealed that there was no significant TMS effect on RT (F 1,8 = 4.63, P > .05) and interaction effects with sleep deprivation (F 1,8 = 3.14, P > .1). Similarly, treating the error rates as a dependent variable, a general linear model also revealed that there was no significant TMS effect on error rates (F 1,8 = 0.56, P > .4) as well as interaction effects with sleep deprivation (F 1,8 = 0.34, P > .5 ). Considering that the difference level (P = .06) in RT between those who received active versus sham TMS is nearly, but not statistically, significant, we checked all the 43 subjects' behavioral data (not only the 33 subjects who had undergone the fMRI scanning) following sleep deprivation relative to before sleep deprivation using the criteria above and found a total of 19 sleep deprivation-resilient subjects (5 received sham TMS and 14 received TMS). A general linear model revealed that TMS had no significant effect on RT (F 1,17 = 1.42, P > .2) in the Sternberg task. Similarly, a general linear model found no TMS effects on MATB performance (F 1,17 = 1.32, P > .2) in this larger resilient sample. After extracting the regional activation (at an identical statistical threshold of P < .001, with a spatial extent of P < .05, corrected for multiple comparisons) for each individual subject, treating the global NAV as a dependent variable, a general linear model revealed nonsignificant TMS effects (F 1,8 = 0.22, P > .6) on NAV The identical threshold used in all the clusters analyses was P < .01 with a spatial extent of p < .05, corrected for multiple comparisons. DLPFC refers to dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; SMA, supplementary motor area, PMA, premotor area; BA, Brodmann area; MNI, Montreal Neurological Institute; SD, 30 hours of sleep deprivation. Voxel size = 2 × 2 × 2. The threshold used in the cluster analysis was P < .05 with a spatial extent of P < .05 (corrected for multiple comparisons). MNI, Montreal Neurological Institute; BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex; PMA, premotor area. Voxel size = 2 × 2 × 2.
and its interaction effects with sleep deprivation (F 1,8 = 0.01, P > .9). In addition, an analysis of covariance model in SPM 2 also indicated that there was no significant difference between maps that considered TMS as a covariable and maps that did not consider TMS as a covariable.
In the sleep deprivation-vulnerable group, treating the RT as a dependent variable, a general linear model revealed that there was no significant TMS effect on RT (F 1,8 = 0.49, P > .5) and interaction effects with sleep deprivation (F 1,8 = 0.52, P > .8) . Similarly, treating the error rates as a dependent variable, a general linear model also revealed that there was no significant TMS effect on error rates (F 1,8 = 0.008, P > .9) as well as interaction effects with sleep deprivation (F 1,8 = 0.14, P > .7). After extracting the regional activation (at an identical statistical threshold of P < .001, with a spatial extent of P < .05, corrected for multiple comparisons) for each individual subject, treating the global NAV as a dependent variable, a general linear model revealed nonsignificant TMS effects (F 1,8 = 0.008, P > .7) on NAV and its interaction effects with sleep deprivation (F 1,8 = 0.19, P > 0.6). Additionally, an analysis of covariance model in SPM 2 also indicated that there was no significant difference between maps that considered TMS as a covariable and maps that did not consider TMS as a covariable.
DISCUSSION
To our knowledge, this is the first functional neuroimaging study to quantitatively describe changes in brain activation, both globally and regionally, in a sleep deprivation-resilient and sleep deprivation-vulnerable delineated population. Confirming our prestudy hypothesis, we found changes within groups after 30 hours of sleep deprivation relative to their normal sleep baseline. There were also between-group differences both following sleep deprivation and at the rested baseline. Consistent with previous verbal working memory imaging studies, 27-29 after a normal night of sleep, performing the SWMT resulted in significant activation in the prefrontal and posterior parietal circuits in both the sleep deprivation-resilient group and the sleep deprivation-vulnerable group. At the rested baseline, the sleep deprivation-vulnerable group showed significantly less global activation in the NAV as compared to the sleep deprivation-resilient group. Following 30 hours of sleep deprivation, both of the groups showed significant decreases in global activation, as measured by the NAV. The contribution to sleep deprivation-induced changes in global activation patterns in the 2 groups is also evident. That is, the global decrease in the sleep deprivation-vulnerable group is due to the decreases in bilateral prefrontal and parietal circuits. In contrast, the overall decrease in the sleep deprivation-resilient group is mainly attributed to the decreased changes in bilateral parietal circuits without the involvement of the PFC. Furthermore, at the sleep-deprivation state, the sleep deprivation-vulnerable group had significantly less activation than did the sleep deprivation-resilient group, suggesting that the global brain activation at the rested baseline and the sleep-deprivation states significantly differed as a function of sleep-deprivation vulnerability, perhaps predicting the vulnerability of sleep deprivation.
Additionally, after 30 hours of sleep deprivation, regional activation, expressed as NAV and PSC, showed significantly decreased changes in the left frontoparietal circuits of working memory in the sleep deprivation-vulnerable group but not in the sleep deprivation-resilient group, suggesting that individuals vary widely in their regional activation in response to sleep deprivation.
Moreover, significant decreases emerged in peak activation in regional time-courses in the sleep deprivation-vulnerable group but not in the sleep deprivation-resilient group, suggesting that individuals have different regional hemodynamic response patterns following sleep deprivation. These findings suggest that changes in regional activation during the SWMT differ across individuals as a function of their sleep-deprivation vulnerability. Interestingly and importantly, in addition to the activation differences in quantitative measures, there are also differences in functional circuits within and between groups in response to sleep deprivation. Following sleep deprivation, greater decreases in regional activation were seen in bilateral frontoparietal circuits in the sleep deprivation-vulnerable group, suggesting that, in the sleep deprivation-vulnerable population, central executive function and information storage during working memory may be affected. In contrast, sleep deprivation induced significant decrements in bilateral PPC but nonsignificant changes in PFC activity in the sleep deprivation-resilient group, implying that, in sleep deprivation-resilient individuals, sleep deprivation does not induce significant impairment in the central executive function, although the storage function may be influenced. The decreased changes in PPC in both the sleep deprivation-vulnerable and -resilient groups may contribute to the explanation why the PPC is more vulnerable to sleep deprivation than was the PFC in our initial verbal working memory study. 24 Under conditions of normal sleep, sleep deprivation-resilient individuals showed more regional brain activation during the working memory task in the left DLPFC. Following 30 hours of sleep deprivation, sleep deprivation-resilient individuals were more responsive to the task in almost all of the left hemisphere regions involved in verbal working memory, with a predominance in the anterior cingulate gyrus and left DLPFC. These results suggest, but do not prove, that the attention-controlling and central executive systems are more effective in sleep deprivation-resilient individuals than in sleep deprivation-vulnerable individuals. These discrepancies may be associated with the differences in performance between the vulnerable and resilient individuals and therefore may be important predictors in sleep deprivation vulnerability. Furthermore, following sleep deprivation, better performance was seen in individuals with more activation in these functional circuits, and worse performance was found in individuals with less activation, supporting the view that working-memory activation differs among individuals and such differences affect individual performance in cognitive tasks. [11] [12] [13] [14] Behaviorally, such individual differences may account for many aspects of language comprehension. 13, 50 Functionally, individual differences in patterns of working-memory activation Figure 6 -Three-dimensional projections of SPM glass-brains at sagittal, coronal, and axial views showing significant brain regions that were more activated during the SWMT in the sleep deprivation-resilient group than in the sleep deprivation-vulnerable group and more so following sleep deprivation than before sleep deprivation. The map was thresholded at P < .05 with a spatial extent of P < .05 (corrected for multiple comparisons) in the cluster analysis. R refers to right; L, left; A, anterior; P, posterior; T, top; B, bottom.
are related to differences in task performance. For example, a positron emission tomography study 30 during an n-back verbal working memory task found that high performers utilized the left hemisphere subnetwork involving the inferior parietal lobe and Broca's area, whereas lower performers utilized the right hemisphere subnetwork with interactions between the inferior parietal lobe and the DLPFC, arguing that individual behavioral characteristics are reflected in specific brain-activation patterns. An fMRI study found that, during a Sternberg task, the PFC activation increased with expanding memory load in high-performing subjects and minimally increased in low-performing subjects. 51 Other fMRI studies during a sentence-based verbal task 31, 32 have found that the high-span subjects had more activity in the anterior cingulate than did the low-span subjects, suggesting that the attentioncontrolling system is more effective in the high-span subjects.
The biologic mechanisms responsible for the BOLD fMRI difference in patterns of brain activation at the rested baseline state are not fully understood. Individual activities in humans are influenced to a large extent by the circadian and sleep homeostatic systems. 7 The endogenous pacemaker generates circadian rhythms in the physiologic and neurobiologic systems under its control, regulating human brain function, with a 24-hour periodicity. Other factors, such as age, sex, motivational level, sleep habits, personality, and mood, may also influence these individual activities. [52] [53] [54] In our present study, there are no significant differences in age, education years, and personality profiles between the sleep deprivation-resilient and the sleep deprivation-vulnerable population. Importantly, at the rested baseline, there were no significant differences in sleepiness measures (VAS, ESS) and in average sleeping hours between the 2 groups.
The mechanisms by which sleep deprivation affects cognitive functioning have not yet been fully elucidated. The sleep homeostatic system plays an important role in regulating cognitive functioning in sleep-deprived subjects. After sleep deprivation, the homeostatic drive for sleep increases, producing an increased probability for sleep onset, with a related decrease in alertness and an increase in fatigue level. 7 Given that both the homeostatic and the circadian systems affect cognitive activity, it is likely that sleep deprivation-induced change in performance may reflect a mixed effect of multiple factors on individual neurobehavioral functioning, including at least a linear component due to the homeostatic sleep system combined with a circadian pattern of performance variation. There are several additional theories attempting to explain sleep deprivation-induced changes in individual performance, including the lapse hypothesis 55 and state instability. 56 The lapse hypothesis emphasizes that transient, short-duration lapses in attention and performance occur during sleep loss, which are interspersed among periods of optimal performance and alertness. The state instability theory holds that performance during sleep deprivation is increasingly variable due to the influence of sleep-initiating mechanisms on the endogenous capacity to maintain attention and alertness. These theories provide possible explanations for the sleep-deprivation vulnerability in the sleep deprivation-vulnerable group. However, the underlying mechanisms responsible for the sleep deprivationresilience in the sleep deprivation-resilient group remain unclear, and it is worth noting that the sleepiness measures at the sleepdeprivation state clearly document that subjects in each of the 2 groups had been sleep deprived.
Several limitations need to be noted in the present study. First, there are potential scan-order confounds. In sleep-deprivation studies, it is necessary to use a counterbalanced order to minimize these confounds. While a noncounterbalanced design was used, a separate control group would be expected to be employed to show that there were no order effects. Because of our particular design, we did not use a counterbalanced order and did not add a control group. We instead employed a repeated-measures analysis of variance to investigate these potential confounds in terms of both the performance and brain activation between the screening state and rested state. On the basis of recent reports that the Sternberg task is sensitive to practice effects 57 and that extensive practice diminishes practice-related changes in brain activation during working memory, 58 prior to the screening scanning, subjects practiced on the SWMT 10 times and reached an asymptotic performance level. On the other hand, there were no significant differences in performance and brain activation between the screening state and rested state in either the sleep deprivationresilient group or sleep deprivation-vulnerable group. We thus reason that, for these well-practiced subjects, 1 more practice would not cause significant differences between the rested state and sleep-deprivation state. We acknowledge that a potential order confound may exist, although the confound might be relatively small. A counterbalanced design is needed in future studies. Second, there may be possible TMS effects. Although nonsignificant TMS effects were reported elsewhere with a larger sample size, 24 a general linear model was still employed in the current study to determine whether TMS produced possible effects on performance and brain activation in the 2 groups, and we failed to find any significant differences. Although we performed additional analyses on the behavioral data from a larger sample of subjects, TMS targeting the parietal cortex might have had an impact on the observed patterns of brain activity without causing significant differences in behavioral performance. Moreover, parietal cortex activity is known to be modulated both during SWMT and after sleep deprivation. Thus, the potential TMS effects need to be considered. A normal population without TMS will help completely rule out this possible confound. In addition, we used an IFIS system to display the task letters and to record subjects' behavioral responses in an online way in the MRI scanner, which may help to judge whether subjects briefly fell asleep during the retention intervals, as it recorded as RT, error, omission, and time-out for each trial. However, more direct methods, such as eye tracking, would better monitor subjects in the scanner. Finally, there are issues concerning normalization of the fMRI data. In order to quantitatively compare the global and regional activation between the 2 groups, the functional data were normalized using the SPM template, which might minimize the differences or prohibit interpretations about the differences in brain activation in the sleep deprivation-resilient group and sleep deprivation-vulnerable group. However, according to the individual performance, we checked the fMRI data and found that they were parallel. That is, across the 2 groups, less brain activation was related to worse performance, and more activation was associated with better performance.
In conclusion, we found differences in the patterns of brain activation in a sleep deprivation-vulnerable group as compared to a sleep deprivation-resilient population. These data suggest, but certainly do not prove, that patterns of brain activation, especially global activation, at a rested baseline as well as following sleep deprivation, may differ as a function of someone's sleep-depriva-tion vulnerability. Further studies with a larger sample are needed to test these findings for replication and to explore potential neurobiologic mechanisms.
